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Abstract: Hexagonal boron nitride (hBN) has attracted a great deal of attention as a key component
in van der Waals (vdW) heterostructures, and as a wide band gap material for deep-ultraviolet
devices. We have recently demonstrated plasma-assisted molecular beam epitaxy (PA-MBE) of hBN
layers on substrates of highly oriented pyrolytic graphite at high substrate temperatures of ~1400 ◦C.
The current paper will present data on the high-temperature PA-MBE growth of hBN layers using a
high-efficiency radio-frequency (RF) nitrogen plasma source. Despite more than a three-fold increase
in nitrogen flux with this new source, we saw no significant increase in the growth rates of the
hBN layers, indicating that the growth rate of hBN layers is controlled by the boron arrival rate.
The hBN thickness increases to 90 nm with decrease in the growth temperature to 1080 ◦C. However,
the decrease in the MBE temperature led to a deterioration in the optical properties of the hBN.
The optical absorption data indicates that an increase in the active nitrogen flux during the PA-MBE
process improves the optical properties of hBN and suppresses defect related optical absorption in
the energy range 5.0–5.5 eV.
Keywords: UKNC; III-nitrides; nanostructures; MBE; hexagonal boron nitride
1. Introduction
Hexagonal boron nitride (hBN) is a van der Waals (vdW) material that has been exploited either
as an insulating layer, or as a quantum tunnel barrier in a diverse range of two-dimensional (2D)
heterostructures and functional devices [1–3]. It is also attracting much attention as a wide band
gap semiconductor material for deep-ultraviolet (DUV) applications [4–6]. There are now attempts
world-wide to develop a reproducible technology for the epitaxial growth of large area high-quality
hBN layers by chemical vapour deposition (CVD) [7–9], metal-organic chemical vapor deposition
(MOCVD) [4,5,10,11], and molecular beam epitaxy (MBE) [6,12–29].
We have recently demonstrated high-temperature (HT) plasma-assisted MBE (PA-MBE) of
hBN layers on both sapphire and highly oriented pyrolytic graphite (HOPG) substrates [22,26,28].
Our results demonstrated that by growing hBN using PA-MBE at HOPG substrate temperatures of
~ 1400 ◦C it is possible to produce monolayer and/or few-layer thick boron nitride with atomically
flat hBN surfaces, which are essential for future applications. The hBN coverage can be reproducibly
controlled by the growth time, substrate temperature and boron to nitrogen flux ratios. We have
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achieved thicker hBN layers at higher B:N flux ratios. We have demonstrated an increase of the
hBN layer thickness by decreasing the growth temperature [28]. However, decreasing the epitaxy
temperature below 1250 ◦C, rapidly degraded the optical properties of the hBN layers.
We have studied the optical properties of MBE-grown hBN using spectroscopic ellipsometry
and photoluminescence (PL) [26]. The PL spectrum of hBN, grown on both sapphire and HOPG,
is dominated by a strong emission in the DUV, centred around 5.4 eV with a secondary shoulder at
~5.5 eV [26]. These DUV peaks were attributed to the presence of point defects [26,30] and they were
also observed in layers grown by MOCVD [5,31] and in bulk hBN crystals [30,32]. In hBN layers grown
by MOCVD, increasing the ammonia flow led to the suppression of the DUV lines at 5.3 and 5.5 eV,
suggesting the involvement of nitrogen vacancies in the formation of this defect [5,31]. Therefore, it is
now timely to explore a similar approach in MBE by increasing the active nitrogen overpressure during
PA-MBE growth of hBN layers in order to suppress the formation of nitrogen vacancies in hBN layers.
Our previous experiments on PA-MBE of hBN layers used a standard nitrogen Veeco
radio-frequency (RF) plasma source, and nitrogen flow rates of up to two standard cubic centimetres
per minute (sccm), to produce a flux of active nitrogen [22,26,28]. Recently, there have been active
efforts from the main MBE companies to increase the efficiency of their nitrogen RF plasma sources
and to achieve higher MBE growth rates for AlGaInN-based alloys [33–37]. The latest model of the
Riber RF plasma source produced growth rates for GaN layers up to 7.6 µm/h using nitrogen flow
rates of 25 sccm [34]. The new Veeco’s high-efficiency RF source produced GaN growth rates of up to
9.8 µm/h using a nitrogen flow of 20 sccm [36].
In this paper we present our recent results on the high-temperature PA-MBE growth of hBN
layers using a high-efficiency RF plasma source with high active nitrogen fluxes.
2. Materials and Methods
The growth of hBN layers was studied using a custom-designed Veeco GENxplor™ MBE system
(St. Paul, MN, USA) modified to achieve growth temperatures of up to 1850 ◦C under ultra-high
vacuum conditions on rotating substrates with diameters of up to 3 inches. Details of the MBE system
can be found elsewhere [22,28]. Consistent with our previous studies, we used thermocouple readings
to measure the substrate temperature [22,28]. We have used a Veeco high-temperature effusion cell
for evaporation of boron and a high-efficiency Veeco Gazelle RF plasma source (St. Paul, MN, USA)
for active nitrogen, similar to one described above [36]. Boron has two stable isotopes: 11B (80.1%)
and 10B (19.9%) [38]. In our MBE of hBN layers, we have used high-purity (5 N) elemental boron,
which contains this natural mixture of these 11B and 10B isotopes. All hBN layers investigated in this
paper were grown using a fixed RF power of 550 W and a nitrogen (N2) flow rate of 7 sccm. We used
10 × 10 mm2 HOPG substrates with a mosaic spread of 0.4◦. The HOPG substrates were prepared
by exfoliation using adhesive tape to obtain a fresh graphite surface for epitaxy. After exfoliation,
the HOPG substrates were additionally cleaned in toluene overnight and annealed at 200 ◦C in a
H2:Ar (5%:95%) gas flow for 4 h to remove any tape residue from the exfoliation process, as described
previously [22,28].
Topographic images of the hBN layers were acquired after growth with amplitude-modulated
tapping mode atomic force microscopy (AC-AFM, in repulsive mode, in ambient conditions
with an Asylum Research Cypher-S AFM (Santa Barbara, CA, USA) using Multi75A1-G (Budget
Sensors, stiffness ~3 N/m) cantilevers. AFM image processing and analysis was performed using
Gwyddion [39].
Variable angle spectroscopic ellipsometry was performed using a M2000-DI instrument produced
by J.A. Woollam Inc. (Lincoln, NE, USA). The results were collected over a wide wavelength range from
1690 to 192 nm using focusing probes, with an elliptical spot with a minor axis of 200 µm; the major axis
of the ellipse depends on the angles of incidence, which were 65◦, 60◦ and 55◦. Analysis was carried
out using CompleteEASE®software version 5.19 (Lincoln, NE, USA). The existence of mosaic spread
in the HOPG substrates requires us to allow a small angular offset (<1◦) in the ellipsometric models.
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A Gaussian oscillator and ultra-violet pole were used to model the optical response of the boron nitride
layer. A Tauc-Lorentz oscillator was also tried, but it did not significantly improve the fit and so
the results presented here only reflect the Gaussian oscillator, as the model had fewer parameters.
For measuring thin hBN layers (<10 nm), correlations occur between the fitting parameters, making it
hard to estimate the layer thickness. To ensure that the thicknesses were physically reasonable, the hBN
refractive index at 633 nm was constrained to be close to 2.0.
3. Results and Discussions
For applications of hexagonal boron nitride in 2D vdW heterostructures, it is important to develop
the reproducible MBE technology of monolayer hBN and few-layer hBN with monolayer control
of the thickness and atomically flat surfaces. Therefore, it is interesting to examine the influence of
higher nitrogen overpressures produced by high-efficiency RF sources on the properties of the hBN
monolayers. Previously, we established the MBE growth conditions required to grow hBN layers with
a thickness of about one monolayer [22,26,28]. Here we have used similar MBE growth conditions for
epitaxy of hBN layer with two different nitrogen RF plasma sources.
Figure 1 presents Atomic force microscope (AFM) images of the surface of two hBN layers
grown at a substrate temperature (TS) of ~1390 ◦C with a standard Veeco RF nitrogen plasma source
(Figure 1a,c) and with the high-efficiency Gazelle source (Figure 1b,d). In both cases, a consistent
boron flux was used by maintaining a constant temperature of the boron effusion cell (TB) of 1875 ◦C.
Even though the boron fluxes used for the growth of both layers are the same, the morphology of
these layers is very different. For the hBN layer grown with the standard plasma source as shown in
Figure 1a, we see predominantly flat monolayers of hBN with the boundaries decorated with large
3D features, which nucleate along the HOPG terrace steps, consistent with our previous observations
of hBN growth on HOPG under similar conditions [22,26,28]. We observe almost complete coverage
of the HOPG substrate with the hBN layer. Some small multilayer (typically bi/tri-layer) regions are
also detected, along with small voids in the hBN monolayer, as shown by the high-resolution image in
Figure 1b and the associated line profile along the hBN surface (Figure 1e).
For the hBN layer grown with a Gazelle nitrogen source (Figure 1b) there are significant differences
in the morphology of the hBN; the growth of bulky 3D deposits of hBN along the HOPG terrace steps is
completely suppressed and instead step-flow growth from these regions is achieved. This is indicated
by the arrows in Figure 1b. Away from the terrace steps isolated faceted islands of hBN growing on
the HOPG terraces are present, indicating that the hBN is not a continuous monolayer. Unlike our
previous observations of sub-monolayer hBN coverage in which the regions in between the hBN
growth are clean HOPG terraces, we found small deposits with a topographic height of ~1–2 nm,
as shown in Figure 1d and the associated height profile in Figure 1f.
In order to establish the influence of the higher active nitrogen fluxes on the growth rate of hBN,
we have grown a set of the layers at relatively high boron fluxes where we can measure reproducibly
the thicknesses of hBN on the scale of a few tens of nanometres [28]. We have used a high boron source
temperature of 1975 ◦C, growth time of 3 h and growth temperatures between 1080 ◦C to 1390 ◦C.
The thickness of the hBN layers were measured by variable angle spectroscopic ellipsometry. Figure 2
shows a decrease of the hBN thickness from 90 to 20 nm by increasing the MBE temperature from
1080 ◦C to 1390 ◦C. The decrease in the thickness is attributed to an increase in the BN decomposition
rate at the growth surface with increase of the growth temperatures, and therefore a gradual increase
in the boron re-evaporation rate [28]. The deposition rate of group III-nitride layers in PA-MBE
is determined by the balance between the epitaxial growth rate and the decomposition rate [40].
The decomposition rate is negligible at low epitaxial temperatures but must be taken into account
when the growth temperature approaches the sublimation temperature of the material. For example,
it was demonstrated experimentally that the GaN decomposition rate increases exponentially with
the increase in the PA-MBE growth temperatures in the range 750–800 ◦C [40]. Unfortunately, no data
are presently available for the decomposition rate of hBN during PA-MBE, but the trend is probably
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similar. The hBN layer thicknesses and the increase in thickness with decrease in temperature are
similar to the set of hBN layers grown in the same temperature range 1080 ◦C to 1390 ◦C with a
standard Veeco nitrogen RF plasma source [28]. In the present experiment, we increased the nitrogen
flow from the previous 2 sccm [28] to 7 sccm. Despite the more than three-fold increase in nitrogen
flux, there was no change in the growth rate of hBN layers. This suggests that the growth rate of
hBN layers is controlled by the boron arrival rate and that all our layers grow under strongly N-rich
conditions. This is in stark contrast to the standard group-III-rich optimum PA-MBE conditions
required for the growth of high-quality AlGaInN layers [41]. However, layer-by-layer growth has
also been observed for PA-MBE growth of GaN under strongly N-rich conditions at the relatively
high epitaxial temperatures of ~780 ◦C in the GaN thermal decomposition regime [42]. This was
explained by the significant increase in the thermally activated surface diffusion even in the absence of
any surfactant Ga monolayers on the surface [42]. In our PA-MBE of hBN, the growth temperatures
are significantly higher, reaching 1400 ◦C. There may be some similarities between high-temperature
PA-MBE of AlGaInN and even higher temperature PA-MBE of hBN, but more experimental data are
needed to make firm conclusions.
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Figure 1. Atomic force microscope (AFM) images of hexagonal boron nitride (hBN) grown on highly
oriented pyrolytic graphite (HOPG) at TS = 1390 ◦C and TB = 1875 ◦C for 3 h using two different
radio-freque cy (RF) nitrogen plasma source : a stan ard RF source (le olumn) and a hig -efficien y
Gazelle RF source (right column). (a) Large are i age showing a hBN surface grown using
standard RF source; bright features correspond to bulky hBN deposits. (b) Large area AFM image of
hBN grown using the Gazelle RF source. The white arrows indicate step-flow growth from the HOPG
terrace steps. (c,d) Zooms of the areas indicated by the white boxes in (a,b) respectively. (e,f) Height
profiles along the regions indicated by the white line in (c,d), respectively.
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Figure 2. Thickness of hBN layers gro n with a Gazelle nitrogen source at different
grow h t mperatures.
Figure 3 demonstrates absorption coefficient spectra calculated from spectroscopic ellipsometric
measureme ts for the hBN layers grown at the three different MBE temperatures presented in Figure 2.
T e sharp increase in absorption for the layer grown at 1390 ◦C suggests a b nd-gap at around
5.7 eV. With the decrease of the MBE temperature from 1390 ◦C to 1250 ◦C, a low en rgy defect tail
below 5.6 eV starts to develop. This suggests an increase in the concentration of the point defects
in the hBN layer at the lower growth temperatures. With a decrease of the growth temperature to
1080 ◦C, the absorption further broadens, suggesting more degradation of the optical properties of
hBN. The effect of degradation of absorption with decrease of the MBE temperature is similar to that
discussed previously for the hBN layers grown with the standard RF source [28]. This suggests that
high-temperature PA-MBE, with substrate temperatures greater than 1250 ◦C, is a promising approach
for the growth of hBN layers with high optical quality. Note that all three hBN samples presented in
Figure 3 show lower optical absorption in the range below 5.6 eV, compared to data fro hBN samples
grown with t standard RF nitrogen plasma sourc at the same temperatures and reported earlier [28].
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Figure 3. Room temperature optical absorption coefficients for hBN layers grown with Gazelle RF
source at three different growth temperatures. The growth time for all layers was 3 h and TB = 1975 ◦C.
Figure 4 compares the normalized absorption coefficient spectra for the two pairs of hBN layers,
grown with two different nitrogen plasma sources, at the same growth temperatures of 1390 ◦C with
the same boron source temperatures of 1975 ◦C (Figure 4a) and 1950 ◦C (Figure 4b). The absorption
coefficients have been normalized by dividing the spectral response by the maximum value in each
spectrum to make it easier to compare the spectral broadening of the absorption. Figure 4 demonstrates
lower absorption in the range 5.0 to 5.7 eV for hBN layers, grown with the high-efficiency Gazelle
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RF plasma nitrogen source compared to data from the hBN samples grown with the standard RF
plasma source. This dependence is seen for both pairs of hBN samples grown with different boron
fluxes in Figure 4. The optical absorption data indicates that an increase in the active nitrogen
flux during the MBE process results in an improvement of the optical properties of hBN and a
suppression absorption in the energy range 5.0–5.5 eV, attributed to point defects related to nitrogen
vacancies [5,26,30–32]. Further PL studies are required, to support our conclusions and to determine
the absorption mechanisms below the hBN band gap.Materials 2018, 11, x FOR PEER REVIEW  6 of 8 
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Figure 4. Normalized room temperature optical rption coefficients for two pairs of hBN layers
grown with different boron fluxes TB = 1975 ◦C (a) and T ◦ (b) at a substrate t mperature
of 1390 ◦C with two different RF nitrogen sources. The data are normalized by dividing the spectral
response by the maximum value in each spectrum.
4. Conclusions
We have presented data on the high-temperature PA-MBE of hBN layers using a high-efficiency RF
plasma source with high active nitrogen fluxes and a nitrogen flow rate of 7 sccm. Despite the more than
three-f ld increase in nitrogen flux, we did not se any r matic increase in the gr wth rates of hBN
layers in comparison with the laye s rown with the standard nitrogen RF plasma sou ce. Th s means
that the growth rate of hBN layers is controlled by the boron arrival rate and that all our layers
are grown under strongly N-rich conditions. This is in stark contrast to the standard group-III-rich
optimum PA-MBE conditions required for the growth of high-quality AlGaInN layers. The morphology
of the hBN grown with the high-efficiency RF source is significantly different. We achieved an
increase of the hBN thickness by decreasing the MBE temperature. However, decreasing the growth
temperature resulted in a deterioration of the optical properties of hBN layers. We have demonstrated
lower defect-related absorption in the range 5.0 to 5.5 eV for hBN layers grown with a high-efficien y
RF plasma nitrogen source in comparison t data from t e hBN sam les grown with the standard RF
plasma source.
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